Successful fertilization in angiosperms depends on the proper trajectory of pollen tubes 24 through the pistil tissues to reach the ovules. Pollen tubes first grow within the cell wall of the 25 papilla cells, applying pressure to the cell. Mechanical forces are known to play a major role in 26 plant cell shape by controlling the orientation of cortical microtubules (CMTs), which in turn 27 mediate deposition of cellulose microfibrils (CMFs). Here, by combining cell imaging and 28 genetic approaches, we show that isotropic reorientation of CMTs and CMFs in aged and 29 katanin1-5 (ktn1-5) papilla cells is accompanied by a tendency of pollen tubes to coil around 30 the papillae. Furthermore, we uncover that aged and ktn1-5 papilla cells have a softer cell wall 31 and provide less resistance to pollen tube growth. Our results reveal an unexpected role for 32 KTN1 in pollen tube guidance by ensuring mechanical anisotropy of the papilla cell wall. 33 cellular environment, and in particular rigidity, mediate cell signalling, proliferation, 50 differentiation and migration (Discher et al., 2005; Ermis et al., 2018; Fu et al., 2010) . In plant 51 cells, cell wall rigidity depends mainly on its major component, cellulose, which is synthesized 52 by plasma membrane-localized cellulose synthase complexes (CSCs) moving along cortical 53 microtubule (CMT) tracks (Paredez et al., 2006). While penetrating the cell wall, the pollen 54 tube exerts a pressure onto the stigmatic cell (Sanati Nezhad and Geitmann, 2013) . Such 55 physical forces are known to reorganise the cortical microtubules (CMTs), which by directing 56
INTRODUCTION 35
Following deposition of dehydrated pollen grains on the receptive surface of the female organ, 36 the stigma, pollen rehydrates, germinates and produces a pollen tube that carries the male 37 gametes toward the ovules where the double fertilization takes place. This long itinerary 38 through the different tissues of the pistil is finely controlled, avoiding misrouting of the pollen 39 tube and hence assuring proper delivery of the sperm cells to the female gametes. In 40 Arabidopsis thaliana, pollen tubes grow within the cell wall of papillae of the stigmatic 41 epidermis, and then through the transmitting tissue of the style and ovary (Lennon and Lord, 42 2000). The transmitting tissue has an essential function in pollen tube guidance, providing 43 chemical attractants and nutrients (Crawford and Yanofsky, 2008; Higashiyama and 44 Hamamura, 2008) . In contrast to these accumulating data showing the existence of factors 45 mediating pollen tube growth in the pistil, whether guidance cues exist at the very early stage 46 of pollen tube emergence and growth in the papilla cell wall remains largely unknown. The cell 47 wall constitutes a stiff substrate and hence a mechanical barrier to pollen tube progression. 48
There are numerous examples in animal cells demonstrating that mechanical properties of the 49 papillae dramatically increased, with more than 35% of pollen tubes at stage 14 and more than 97 55% at stage 15 making one or more than one turn around papillae. These results suggest 98 that CMT organisation in the papilla impacts the direction of growth of pollen tubes and that 99 loss of CMT anisotropy is associated with coiled growth. 100 101 Impaired CMT dynamics of papillae affects pollen tube growth direction. To confirm the 102 relation between stigma CMTs and pollen behaviour, we examined pollen tube growth on 103 stigmas of the katanin1-5 mutant, which is known to exhibit reduced CMT array anisotropy in 104 root cells (Bichet et al., 2001; Burk et al., 2001; Burk and Ye, 2002) . Because the CMT 105 organisation in ktn1-5 papillae is unknown, we crossed ktn1-5 with the MAP65-1-citrine marker 106 line and found that CMT arrays were more isotropic in ktn1-5 papillae when compared with 107 those of the WT (Fig. 3A and C) . Using SEM, we then analysed Col-0 pollen behaviour on 108 ktn1-5 stigmatic cells at stage 13 ( Fig. 3B ). We observed that Col-0 pollen tubes acquired a 109 strong tendency to coil around ktn1-5 papillae, with above 60% of tubes making one or more 110 than one turn around papillae, sometimes making up to 6 turns, before reaching the base of 111 the cell ( Fig. 3D and Fig. S1A ). In some rare cases, pollen tubes even grew upward in the 112 ktn1-5 mutant and appeared blocked at the tip of the papilla (Fig. S1B) . To test the direct 113 impact of stigma CMTs on pollen tube growth direction, we examined whether the 114 destabilization of CMTs in Col-0 papillae could affect pollen tube growth. To this end, we 115 treated stigmas by local application of the depolymerizing microtubule drug oryzalin in lanolin 116 pasted around the style. After 4 hours of drug treatment, no more CMT labelling was detected 117 in papillae, while CMTs were clearly visible in mock-treated (DMSO) stigmas ( Fig. 4A ). Stigmas 118 were then pollinated with Col-0 pollen and one hour later, pollen tubes were found turning on 119 drug-treated but not on control papillae ( Fig. 4B and C) . However, the number of coils was 120 significantly lower than on ktn1-5 papillae. Indeed, 25% of the pollen tubes made at least 2 121 (external deformation) and an invagination (internal deformation) in the cell wall. As such 134 deformations could reflect differences in wall properties, we quantified the external (extD) and 135 internal (intD) deformation following pollination of Col-0 and ktn1-5 stigmas. To visualize more 136 clearly this deformation, we pollinated stigmas expressing the plasma membrane protein 137 LTI6B fused to GFP (LTI6B-GFP) with pollen whose tube was labelled with the red fluorescent 138 protein RFP driven by the ACT11 promoter (Rotman et al., 2005) ( Fig. 5B ). We found that Col-139 0 pollen tubes grew with almost equal extD and intD values in Col-0 cell wall. However, the 140 ratio between extD and intD was about 3 when Col-0 pollen tubes grew in ktn1-5 papilla cells 141 ( Fig. 5B-D) . These quantitative data were consistent with the observation that pollen tubes 142 appeared more prominent on ktn1-5 stigmatic cells using SEM ( Fig. 3B and Fig. S1 ). 143
Assuming that stigmatic cells are pressurized by their turgor pressure, this may reflect the 144 presence of softer walls in ktn1-5 papillae. To test this hypothesis, we assessed the stiffness 145 of Col-0 and ktn1-5 papilla cell walls using Atomic Force Microscopy (AFM) with a 200 nm 146 indentation. We found that cell wall stiffness in ktn1-5 papilla cells was about 30% lower than 147 that in stage 13 WT cells ( Fig. 5E and F) . To confirm this result, we investigated the stiffness 148 of the papilla cell wall on WT stigmas at stage 15, where increased coiled pollen tubes were 149 detected ( Fig. 2A and B) . We found the cell wall to be softer than that of papillae at stage 13 150 but stiffer than that of the ktn1-5 ( Fig. 5E and F) . We then reasoned that the presence of softer 151 walls should also affect the pollen tube growth rate, stiffer walls reducing growth. Thus, 152 measuring the growth rate would provide an indication of the resistance force encountered by 153 the tube while growing in the papilla cell wall. We thus monitored the growth rate of Col-0 154 pollen tubes in Col-0 and ktn1-5 papillae. We found that pollen tubes grew faster (~ x 1.8) 155
within ktn1-5 papillae ( Fig. 5G ). Similarly, we found that pollen tube growth on stage 15 papillae 156 was faster (~ x 1.6) than on stage 13 papillae ( Fig. 5H ). These results suggest that the coiled 6 impaired in the cellulose synthase complex (kor1.1, prc1 and any1), hemicellulose 168 biosynthesis (xxt1 xxt2, xyl1.4) and pectin content (qua2.1) (Table S1 ). Strikingly, none of the 169 6 cell wall mutants displayed the coiled pollen tube phenotype (Fig. S3 ). This suggests that 170 the relation between CMT organisation, cell wall stiffness and pollen tube trajectory is stricter 171 than anticipated. Because CMTs guide cellulose deposition, they also control the directional 172 elongation of plant cells (Baskin, 2005) . Indeed, katanin1/fra2 cells are wider and shorter than 173 wild type (16, 18), and we may predict that the shape of papilla cells in the mutant might be 174 similarly altered. The contribution of stigmatic CMTs to pollen tube growth may thus be 175 mediated by papilla cell shape only; for instance, wider cells in ktn1-5 would promote pollen 176 tube coiling. To check that possibility, we measured the length and width of papilla cells in Col-177 0 (at stage 13 and 15), ktn1-5, xxt1 xxt2 and any1 (Fig. S4 ). We did not find any correlation 178 between papilla length and the coiled phenotype. Indeed, coiled phenotype was observed in 179 stage-15 WT papillae that were longer than those at stage-13, as well as in ktn1-5 papillae that 180 had a length similar to stage-13 WT papillae. The correlation between papilla width and coiled 181 phenotype was also not clear-cut. As anticipated, ktn1-5 mutant exhibited wider papillae than 182
Col-0. Stage-15 WT papillae were also significantly larger than stage-13 WT papillae, where 183 coils were observed. However, xxt1 xxt2 and any1 papillae were also wider than the WT but 184 did not display the coiled phenotype. Altogether, this suggests that papilla morphology is not 185 sufficient to explain the coiled phenotype. Because CMT disorganisation in papillae affects 186 both wall stiffness and mechanical anisotropy, we next investigated the relative contribution of 187 these two parameters in pollen tube growth. We focused our analysis on the xxt1 xxt2 double 188 mutant. Indeed, this mutant was reported to display CMT orientation defects and reduced 189 stiffness of the cell wall in hypocotyl cells, when compared with the WT . As 190 the pollen tube phenotype on xxt1 xxt2 stigmas was similar to the WT, we wondered whether 191 the cell wall stiffness of stigmatic cells was actually affected in these mutant papillae. Using 192 AFM, we found the papilla cell wall of the mutant to be about 30% softer than that of Col-0 193 papillae, i.e. very similar to that of ktn1-5 ( Fig. 5F ). However, despite this similarity, the pollen 194 tube growth rate in xxt1 xxt2 stigmas was identical to Col-0 stigmas at stage 13 ( Fig. 5H) . In 195 addition, contrary to ktn1-5, pollen tubes were not prominent while growing in xxt1 xxt2 papilla 196 cell walls ( Fig. S3G ). These results suggested that although ktn1-5 and xxt1 xxt2 papillae had 197 similar cell wall stiffness as inferred from AFM measurements, they exhibited different 198 mechanical constraints to pollen tube growth. Because of the close relationship between CMT 199 organisation, CMF deposition and cell wall rigidity Xiao and Anderson, 200 2016), we suspected that CMT and CMF organisation might be different between the two 201 mutants and be the possible causal agent of stiffness differences and the related tube coiled 202 phenotype observed in ktn1-5. To check this possibility, and to gain insight into the 203 predominant cellulose pattern in the stigmatic cell walls, we stained CMFs by using Direct Red 7 23. We found cellulose fibres to be highly aligned and slanted to the longitudinal axis of the 205 papilla in stage 13 Col-0 stigmas, whereas ktn1-5 and stage 15 Col-0 papillae both displayed 206 a clearly disordered CMF pattern ( Fig. 6a ) with CMFs forming thicker and more spaced 207 bundles ( Fig. 6b ). By contrast, CMFs in xxt1 xxt2 papillae organized in a dense and well 208 oriented pattern of fibres, mostly perpendicular to the papilla long axis, which resembled Col-209 0 stage 13 CMF organisation ( Fig. 6a and b) . These results suggest that KTN1 loss-of-function 210 alters mechanical properties of the papilla cell wall in a complex manner, lowering both its 211 stiffness to pressure applied perpendicularly to its surface (e.g., by the AFM indenter) and its 212 resistance to pollen tube penetration. This latter modification appears as the main cause of the 213 pollen tube coiled phenotype. By contrast, loss of XXT1 and XXT2 functions, by perturbing cell 214 wall stiffness to indenter pressure only, does not induce change in pollen tube growth. 215
Altogether, our data suggest that the mechanical anisotropy of papilla cell walls plays a key 216 role in pollen tube trajectory. 2003). Interestingly, we found that the protuberance of pollen tubes at the surface of ktn1-5 252 papillae was associated with a faster growth rate and a lower rigidity of the cell wall compared 253
with Col-0. This places mechanics of the cell wall as a likely component involved in the coiled phenotype. Surprisingly, of the six cell wall mutants we analysed, including xxt1 xxt2 and prc1 255 known to exhibit both abnormal CMT organisation and softer cell walls, none induced the coiled 256 phenotype displayed by ktn1-5 papillae. More remarkably, despite the similar stiffness of xxt1 257 xxt2 and ktn1-5 papilla cell walls measured in our AFM experiments, pollen tubes behaved 258 differently on these two stigmas. This indicates that components other than cell wall stiffness 259 are involved in the pollen tube coiled phenotype and that mechanical properties of the cell wall 260 are not identical in the two mutants. Indeed, though sharing a similar alteration of cell wall 261 stiffness, the global plant morphology of these mutants is clearly distinct. The ktn1-5 mutant 262 was described to have a severe reduction in cell length and an increase in cell width in all 263 organs (Burk et al., 2001 ). This cellular phenotype was attributed to the distorted deposition of 264
CMFs correlated with the isotropic orientation of CMTs, whereas in WT cells, CMFs like CMTs 265 are oriented perpendicularly to the elongation axis (Burk and Ye, 2002) . Similarly, we found 266 that orientation of CMFs is also altered in ktn1-5 papillae ( Fig. 6 ) and this was associated with 267 larger papilla cells ( Fig. S4C and D) . Hence, we may assume that mechanical anisotropy, 268 genes are downregulated in xxt1 xxt2 . In this latter study, KTN1 expression 286 level was shown to be unchanged compared with Col-0. Altogether, our study suggests that 287 KTN1, by maintaining the papilla mechanical anisotropy, has a key function in mediating early 288 pollen tube guidance on stigma papillae. 289
The coiled phenotype was not only observed in ktn1-5 but also in the WT Col-0 papillae at 290 stage 15. Remarkably, several lines of evidence reveal that papilla cells from these two 291 genotypes share common features, such as CMT and CMF increased isotropy, decreased 292 stiffness of the cell wall and less resistance of the wall to pollen tube growth. Isotropic 293 orientation of the cytoskeleton at stage 15 is likely to relate to cell elongation, which is known 294 to be accompanied by cytoskeleton reorganisation (Crowell et al., 2011; Zhang et al., 2014) . 295
At the organ level, it has been suggested that the mechanical anisotropy of the wall restrains 296 organ emergence (Sassi et al., 2014) . The authors propose that for the same wall stiffness, a 297 cell wall with isotropic properties would lead to larger outgrowth than a wall with anisotropic 298
properties. Our data are consistent with this hypothesis, albeit at the subcellular scale, since 299 large protuberance of papilla wall following pollen tube growth is observed in ktn1-5 papilla 300 cells, exhibiting walls with isotropic properties. 301
It remains unclear how mechanical anisotropy guides pollen tube growth. We can 302 hypothesise that as pollen tube grows inside the wall, it encounters recently deposited CMFs 303 on the inner side of the wall (facing the cytoplasm) and older CMFs on the outer side. It is likely 304 that these layers have different mechanical properties related to CMF orientation (Baskin, 305 2005) . Pollen tubes may grow helically by default, as is the case for climbing plants around a 306 cylindrical substrate but the presence of a mechanically reinforced inner wall may slow down 307 and bias the trajectory of the pollen tube. It is worth noting that growth rate is slowed down 308 when pollen tubes pass through a microgap of a microfluiding device, the tubes adapting their In the last decades, many studies pointed out that chemical but also mechanical 317 components must be considered to be implicated in pollen tube growth direction (Cameron 318 and Geitmann, 2018). Implication of chemical cues for pollen tube guidance in the stigma 319 remains largely unknown, although the blue copper protein plantacyanin, when overexpressed 320 in Arabidopsis stigmas, was reported to be a possible guidance factor through an as yet 321 undiscovered mechanism (Dong et al., 2005) . However, no defect in pollen tube growth 322 directionality was detected in a knock-down plantacyanin mutant, questioning the actual role 323 of this protein as a chemoattractant in Arabidopsis. In our study, we add mechanics as a key 324 player in early pollen tube guidance in the papilla cell. Our results suggest that this role is 325 mediated by a specific CMT/CMF organisation and mechanical anisotropy of the papilla cell, tube direction, helping the tube to find its correct path to the stylar transmitting tract. We 329
uncovered a yet unexpected role in pollen tube guidance for KTN1, which was until now mostly 330 known to be involved in plant development and stress-response regulation. In addition, our 331 study also clearly unveils that the mechanical properties of one single cell (e.g., the stigmatic 332 papilla) impact the behaviour of its neighbouring cell (e.g., the pollen tube). plants with mature WT pollen. One hour after pollination, pistils were immersed in fixative 399 solution containing 2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M phosphate 400 buffer (pH 7.2) and after 4 rounds of 30 min vacuum, they were incubated in fixative for 12 hours at room temperature. Pistils were then washed in phosphate buffer and further fixed in 402 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.2) for 1.5 hours at room temperature. 403
After rinsing in phosphate buffer and distilled water, samples were dehydrated through an 404 ethanol series, impregnated in increasing concentrations of SPURR resin over a period of 3 405 days before being polymerized at 70°C for 18 h, sectioned (65 nm sections) and imaged at 80 406 kV using an FEI TEM tecnaiSpirit with 4 k x 4 k eagle CCD. 407 Anisotropy estimation. Flowers from MAP65 lines were emasculated and stigmas were 408 observed under confocal microscope. Images were processed with ImageJ software and 409 quantitative analyses of the average orientation and anisotropy of CMTs were performed using 410
FibrilTool, an ImageJ plug-in (Boudaoud et al., 2014) . Anisotropy values range from 0 to 1; 0 411 indicates pure isotropy, and 1 pure anisotropy. the study and analysed the data. L.R. and T.G. wrote the manuscript. 457
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